This paper reports the unambiguous identification of lasing modes observed in a single-cell photonic crystal cavity using a solid angle scanning system. The polarization-resolved far-field measurements showed distinctive features of each mode and distinguished it from the other modes in contrast to conventional optical characterization methods. Monopole, quadrupole, and hexapole lasing modes were observed and identified, showing good agreement with numerical simulations. Our understanding of the lasing modes will be useful for determining practical applications as promising light sources in ultracompact photonic integrated circuits. © 2011 American Institute of Physics. ͓doi:10.1063/1.3595313͔
Photonic crystals enable strong photon confinement in an ultrasmall region.
1,2 It is particularly important for highperformance optical applications, such as low-threshold lasers [3] [4] [5] and high-efficiency single photon sources, 6 to obtain the desired field distribution in a photonic crystal cavity. For example, a triangular-lattice single-cell photonic crystal cavity can support four resonant modes; monopole, quadrupole, hexapole, and dipole modes. 7 Each mode has its own field profile. The monopole and hexapole modes with a central intensity node are useful for current injection by placing a central post underneath the photonic crystal slab because the post at the node site does not cause an appreciable increase in optical loss. 3, 8 On the other hand, the dipole mode with a central intensity antinode is useful for demonstrating a single photon source by positioning a single quantum dot at the center of the cavity. 9 Therefore, the excitation and identification of a desired cavity mode should be achieved clearly and efficiently.
The resonant spectra, mode profiles and net polarization states were measured using an objective lens-based system, and compared with numerical simulations to identify and characterize the lasing mode. 7 These conventional methods are useful but they often provide indirect and limited information for mode identification. A simple comparison of the resonant spectra with numerical simulations is efficient only in an ultrasmall cavity supporting spectrally well-separated resonant modes. Furthermore, slight modification of the cavity structure or small fabrication imperfections tend to distort the optical features of the modes, such as the resonant frequencies and net polarization states.
10 Therefore, the abovementioned optical measurements should be performed together to minimize ambiguity. Although near-field scanning optical microscopy ͑NSOM͒ can obtain the direct electromagnetic field distribution of the resonant mode, perturbation of the mode by the NSOM tips cannot be avoided. 11 In this study, to identify the cavity mode manifestly and efficiently, we measured polarization-resolved far-field emission patterns using a solid angle scanning system. This powerful, stand-alone method, which was also used for characterizing the far-field emission and polarization of photonic crystal lasing modes, 10 provides reliable and natural information in distinguishing the monopole, quadrupole and hexapole modes in a single-cell photonic crystal cavity. Figure 1͑a͒ shows a fabricated single-cell photonic crystal cavity. Periodic air holes were defined in a freestanding InGaAsP slab with a thickness ͑t͒ of 280 nm, in which three pairs of InGaAsP quantum wells ͑QWs͒ with a photoluminescence ͑PL͒ peak at 1.55 m were embedded. The six nearest neighbor holes around the cavity were reduced and moved outward to excite the monopole, quadrupole, and hexapole modes efficiently. 7 Three-dimensional ͑3D͒ finitedifference time-domain ͑FDTD͒ simulation shows the electric energy distributions of these high-quality ͑Q͒ resonant modes ͓Fig. 1͑b͔͒. The optical properties of each mode can be modified by changing the lattice constant and radii of the nearest neighbor holes slightly. [3] [4] [5] In particular, the resonant wavelength of a mode can be controlled and overlapped well with the PL of the QWs to achieve rich gain. Indeed, photoa͒ Authors to whom correspondence should be addressed. Electronic addresses: minkyo_seo@kaist.ac.kr and hgpark@korea.ac.kr. nic crystal cavities with optimized structural parameters to excite each mode were fabricated, and optically pumped single-mode lasing actions from them were demonstrated ͓Fig. 2͑b͔͒.
To examine the lasing properties, we used the far-field measurement setup as shown in Fig. 2͑a͒ . A pulsed 980 nm pumping laser diode ͑1 MHz repetition rate and 10 ns pulse duration͒ was placed below the sample to optically excite the photonic crystal lasing modes through the transparent bottom InP substrate. 10 The PL spectra were measured on the top of the sample using an optical fiber. The far-field emission patterns of the lasing modes were measured over the entire upper hemisphere by rotating both the photonic crystal sample and photodetector. The photodetector was scanned from Ϫ90°to 90°in the polar ͑−͒ direction, and the sample was rotated from 0°to 180°in the azimuthal ͑−͒ direction. A linear polarizer was placed in front of the photodetector to examine polarization-resolved emission patterns. The -and -polarization components were obtained with rotating the polarizer in the directions parallel and normal to the plane in which the photodetector was moved, respectively. The distance between the sample and photodetector was 30 cm. To clearly understand the raw data obtained in the curved surface, the measured intensities over the hemisphere were projected into a two-dimensional flat surface using the following mapping equations: x = cos and y = sin . 10 The projected images were then plotted using a polynomial interpolation.
Several lasing modes were measured from the fabricated photonic crystal cavities. Figure 2͑b͒ shows the abovethreshold lasing spectra of the monopole ͑black͒, quadrupole ͑red͒, and hexapole modes ͑blue͒, respectively. The proper structural parameters, lattice constant ͑a͒, radius of the regular holes ͑r͒ and radius of the nearest neighbor holes around the cavity ͑r m ͒, were used to spectrally match the resonant wavelength of the mode with the PL peak of the QWs. As a result, the desired single-mode lasing was achieved in each photonic crystal cavity with a lasing wavelength of 1500-1550 nm, which is the maximum gain region of the QWs.
The measured far-field emission patterns of the monopole, quadrupole and hexapole lasing modes were shown in Figs. 3͑a͒-3͑c͒ , respectively. The emission patterns were observed from the three photonic crystal cavities yielding the lasing spectra of Fig. 2͑b͒ . The left panel shows the total intensity distribution of each mode, and the middle and right panels show the -and -polarization components of the intensity distribution, respectively. We note that total intensity distributions are quite similar for all three modes, showing central intensity nodes and nearly zero net polarization states to the vertical direction. 7 Slight perturbation in the total intensity distributions due to fabrication imperfection, washed out the rotational symmetric shapes of the quadrupole and hexapole modes. Only the monopole mode could preserve the symmetric shape completely due to relatively low electric field intensity in the nearest neighbor holes around the cavity as shown in Fig. 1͑b͒ . In addition, these far-field intensity distributions were similar to the mode images captured by the infrared camera using a conventional objective lens. 11 Indeed, it is not straightforward to distinguish one lasing mode from the others only by the total intensity distributions, particularly if the modes have high rotational symmetry.
On the other hand, the -and -polarization-resolved far-field emission patterns offer distinctive features of the modes and rich spatial information for mode identification. For example, the monopole mode shows negligible field intensity in the -polarization component but fully stores the FIG. 2. ͑Color online͒ ͑a͒ Schematic diagram of the far-field measurement setup. ͑b͒ Measured lasing spectra from the photonic crystal cavities. The fabricated structural parameters are as follows: ͑a , r , r m ͒ = ͑515 nm, 0.31a , 0.19a͒, ͑490 nm, 0.38a , 0.26a͒, and ͑500 nm, 0.35a , 0.25a͒ for the monopole ͑1509 nm͒, quadrupole ͑1519 nm͒, and hexapole modes ͑1547 nm͒, respectively.
FIG. 3.
͑Color online͒ Measured far-field emission patterns of ͑a͒ monopole, ͑b͒ quadrupole, and ͑c͒ hexapole modes. The emission patterns were measured from the photonic crystal structures fabricated in Fig. 2͑b͒ . The left panel is the total intensity distribution. The middle and right panels are the -and -polarization components of the intensity distribution, respectively. total energy in the -polarization component ͓Fig. 3͑a͔͒. The monopole mode with such a -polarized doughnut shape can be used for optical manipulation of low index particles. 12 In quadrupole mode, -and -polarization components show recognizable four intensity lobes, and the lobes in the -component are rotated by 45°relative to those of the -component ͓Fig. 3͑b͔͒. In addition, the hexapole mode is clearly distinguishable from the other modes. As shown in Fig. 3͑c͒ , the hexapole mode has six intensity lobes in theand -polarization-resolved far-field patterns owing to its sixfold symmetry. These measurements demonstrate that each mode has unique -and -polarized far-field intensity profiles as a result of either constructive or destructive interference of the near-field profiles. 13 Accordingly, even if a similar total intensity distribution and polarization state are measured from the modes, each lasing mode can be identified unambiguously by the polarization-resolved far-field emission patterns.
To better understand the experimental results, the farfield emission patterns were calculated in the single-cell photonic crystal cavities using a 3D FDTD simulation ͑Fig. 4͒. The near-field distributions were first calculated, and the farfield patterns were then transformed from the near-field ones using a fast Fourier transform algorithm. 13, 14 The calculated polarization-resolved far-field patterns of the monopole, quadrupole, and hexapole modes were shown in Figs. 4͑a͒-4͑c͒, respectively. The structural parameters of the fabricated samples shown in Fig. 3 were used for this simulation. The -and -polarization components were normalized to the maximum intensity of the total intensity distribution. Note that these simulation results show agreement with the measured ones. In particular, for the quadrupole and hexapole modes, the angular positions of the intensity lobes as well as the number of lobes in the simulations agree well with those of the measurements. Therefore, the FDTD simulations strongly support that inherent optical properties of a lasing mode can be fully investigated in the polarizationresolved far-field measurements.
In summary, unambiguous identification of the lasing modes in a single-cell photonic crystal cavity was demonstrated from polarization-resolved far-field measurements. The distinguishable, characteristic features of the monopole, quadrupole, and hexapole modes were observed, which showed good agreement with the numerical simulations. This polarization-resolved far-field measurement is expected to be used for the precise and immediate analysis of an ultrasmall optical system, such as a plasmonic nanoantenna. 
